We report the synthesis and surface immobilization of two new pyrene-appended molecular metal complexes: a ruthenium tris(bipyridyl) complex (1) and a bipyridyl complex of [Cp*Ir] (2) (Cp* = pentamethylcyclopentadienyl). X-ray photoelectron spectroscopy confirmed successful immobilization on high surface area carbon electrodes, with the expected elemental ratios for the desired compounds. Electrochemical data collected in acetonitrile solution revealed a reversible reduction of 1 near −1.4 V, and reduction of 2 near −0.75 V. The noncovalent immobilization, driven by association of the appended pyrene groups with the surface, was sufficiently stable to enable studies of the molecular electrochemistry. Electroactive surface coverage of 1 was diminished by only 27% over three hours soaking in electrolyte solution as measured by cyclic voltammetry. The electrochemical response of 2 resembled its soluble analogues, and suggested that ligand exchange occurred on the surface. Together, the results demonstrate that noncovalent immobilization routes are suitable for obtaining fundamental understanding of immobilized metal complexes and their reductive electrochemical properties.
Introduction
The functionalization of electrode surfaces with molecular catalysts is an attractive route for assembling (photo)electrochemical devices that convert solar photons into chemical fuels [1, 2] . In such systems, immobilized metal complexes are envisioned to facilitate the reduction of abundant feedstocks (e.g. water, carbon dioxide) to fuels. Inorganic and organometallic complexes have attracted major attention in homogeneous systems, because their mechanisms should be molecular in nature and therefore tunable and selective for the desired reactions, such as the reduction of H + to H 2 or CO 2 to liquid fuels. However, transitioning molecular catalysts from homogeneous solutions to surface-attached systems that are suitable for device fabrication remains a challenge [3] . Routes for catalyst immobilization often are not widely applicable, and/or require harsh conditions that can damage the catalytic moieties [4] .
One attractive route for electrode immobilization of redoxactive species relies on noncovalent interactions between coplanar aromatic groups, such as pyrene, with graphitic electrode surfaces [5] . This motif has been successfully employed for reversible oxidation of molecular complexes, and also in catalytic systems [6, 7] . Recent notable work from Kang et al has achieved noncovalent immobilization of a highly active iridium complex for CO 2 reduction to formate on a carbon nanotube-based electrode [8] . Our group has explored covalent attachment of pyrene groups to the polypeptide residues of proteins; upon immobilization of the protein, the assembled cathodes are then competent for bioelectroelectrocatalysis without the use of redox mediators [9, 10] . Similarly, Minteer and co-workers have used pyrene-appended quinones to facilitate electron transfer to immobilized enzymes on carbon nanotube-based electrodes [11] .
Our recent work has focused on noncovalent immobilization of molecular catalysts for fuel-forming reactions [12] . The approach to immobilization relies on a pyrene-appended bipyridine ligand (P) that functions as the linker between a catalytic center and the electrode surface. We have demonstrated the activity of a [Cp*RhP]-based proton-reduction catalyst (Cp* is pentamethylcyclopentadienyl), which operates at −1.1 V versus Fc +/0 in acetonitrile (Fc +/0 denotes the ferrocenium/ferrocene reversible potential). We reported a [Re(CO) 3 P]-based catalyst for CO production from CO 2 , which operates at ~ −1.8 V versus Fc +/0 in acetonitrile. These observed potentials are consistent with the soluble, homogeneous analogues of the surface attached catalysts [13, 14] .
Few studies of the electrochemistry of noncovalently immobilized redox couples are currently available, and even fewer have examined redox potentials more negative than −1 V [8] . Of interest is that Deronzier et al have functionalized an electrode with a [Cp*Ir] system via a polymerization route [15, 16] ; a number of pyrene-appended polypyridyl complexes of ruthenium have also been synthesized [17] , but none has yet been examined at negative potentials upon noncovalent immobilization on carbon electrode surfaces [18] [19] [20] . As negative potentials are required for most fuel-forming catalytic processes, our goal is to develop an understanding of the activity and stability of noncovalently immobilized compounds under reductive conditions.
In work so far, we have synthesized two new compounds for electrochemical studies at negative potentials: a pyrene-appended ruthenium tris(bipyridyl) (1) and a pyreneappended bipyridine complex of [Cp*Ir] (2) (Cp* = pentamethylcyclopentadienyl). X-ray photoelectron spectroscopy confirmed successful immobilization of these complexes on high surface area carbon electrodes, with the expected elemental ratios and oxidation states for the desired compounds. Electrochemical data revealed a reversible reduction of the ruthenium complex near −1.4 V, and reduction of the iridium complex near −0.75 V. The ruthenium compound showed good stability, with reversible currents operative beyond one hour, while the iridium complex exhibited electrochemistry suggestive of ligand exchange to form multiple species on the surface.
Results
Pyrene-appended complexes 1 and 2 were synthesized and characterized (see experimental section) (figure 1). Briefly, the synthetic route utilized our modular pyrene-appended bipyridine ligand (P) that is readily prepared by condensation of commercially available bipyridine dicarboxylic acid with 1-pyrenylmethylamine hydrochloride [12] . The resulting pyrene-appended bipyridine ligand could then be metallated with suitable reagents to form the desired metal complexes. 1 was prepared by treatment of P with Ru(4,4′-dimethyl-2,2′-bipyridine) 2 Cl 2 . Following recrystallization to remove unreacted starting materials, pure 1 was obtained. Similarly, treatment of P with 0.5 equivalents of [Cp*IrCl 2 ] 2 followed by recrystallization afforded pure 2.
Functionalization of high surface area Ketjen black electrodes with 1 or 2 was accomplished by soaking the electrodes in a dilute methylene chloride solution of 1 or 2 for 12 h. Ketjen black is a high surface area carbon material ideally suited for these studies, as it is highly conductive and accommodates a suitably high loading of immobilized metal complex to carry out electrochemical experiments [21] . After soaking the Ketjen black electrodes with 1 or 2, the functionalized electrodes were rinsed with clean acetonitrile to remove loosely associated complexes.
The functionalized electrodes were then interrogated by x-ray photoelectron (XP) spectroscopy. A blank Ketjen black electrode shows features corresponding to carbon, oxygen, and fluorine (from the polymer binder, see the experimental section). After soaking in a dilute solution containing 1, new signals were observed for ruthenium (Ru 3p), nitrogen (N 1s), and chlorine (Cl 2p). Similarly, following immobilization of 2, new peaks were clearly observable that correspond to iridium (Ir 4f and 4s), nitrogen (N 1s), and chlorine (2p). Electrochemical data collected for electrodes soaked in solutions containing the pyrene-free analogues, [Ru(bpy) 3 ]Cl 2 (2) or [Cp*Ir(bpy)Cl]Cl (4) (bpy = 2,2′-bipyridyl), did not show responses for ruthenium or iridium. Thus, as we have found in prior cases, pyrene moieties were required for immobilization of the metal complexes [12] .
In high-resolution XP data (figure 2), only a single contribution was visible for 1 in the Ru 3p region, with 3p 3/2 and 3p 1/2 peaks centered at 462.9 and 485.0 eV, respectively. An area ratio of 2 : 1 fit well for these peaks, as expected from theory. High-resolution data for N 1s revealed a single contrib ution as well, centered at 400.3 eV. These peak positions were compared with a drop-cast sample of [Ru(bpy) 3 ]Cl 2 (3) on HOPG. Both the Ru 3p region (signals centered at 462.8 and 485.2 eV) and N 1s (single signal at 400.6 eV) were virtually identical to those features for immobilized 1. Comparing the peak areas of N 1s to Ru 3p revealed an elemental ratio of 10.7 to 1. This ratio is close to the expected 8 to 1, but suggested an additional contribution to the nitrogen content, perhaps arising from acetonitrile solvent. The chlorine : ruthenium ratio (from Cl 2p signals) was found to be 1.5 : 1, which is near the expected value of 2 : 1.
High-resolution XP data for immobilized 2 suggest successful functionalization of the surface. Only a single contribution was apparent in the Ir 4f region, with peaks centered at 63.0 and 66 eV. An area ratio of 7 : 5 fit well for these peaks, as expected for f-electron peaks, and the spin-orbit splitting of ~3 eV matches well with values for iridium compounds. Also, only a single contribution was found in the N 1s region, centered at 400.3 eV. These peak positions and ratios compare well with values obtained for a drop-cast sample of 4 on HOPG. For example, the Ir 4f signals were found at 63.1 and 66.0 eV for 4, while the N 1s signal was centered at 400.6 eV. The elemental ratio of nitrogen to iridium on carbon electrodes functionalized with 2 was found to be 6.5 : 1, again slightly higher than the expected stoichiometry. The ratio of chlorine to iridium was found to be 1.8 : 1, virtually identical with the expected value for two chloride counterions per [Cp*Ir] complex. The elemental ratios for a drop-cast sample of 4 also agree with these values for 2; the chlorine to iridium ratio was 1.8 : 1 and the nitrogen to iridium ratio was 3 : 1.
Cyclic voltammograms collected with electrodes featuring immobilized 1 displayed a feature centered at −1.64 V (all potentials are reported versus the ferroceneium/ferrocene couple, denoted Fc +/0 ). The cathodic feature peaked at −1.75 V, and no additional features were found in sweeps down to −2 V. The return anodic current peaked at −1.5 V, and no additional oxidation features were found up to −0.3 V. This quasireversible feature corresponds to a primarily bipyridinecentered reduction of the immobilized 1, in line with previous studies of 3 and its derivatives [22] . Notably, only a single reduction process was observable, in contrast to the multiple ligand-centered reductions typically observable for analogue 3. The peak-to-peak separation was ~250 mV at a scan rate of 50 mV s −1 ; this splitting decreased with decreasing scan rate. Inspection of scan-rate dependent data for the peak currents showed a linear correlation between peak currents and scan rate, consistent with a surface-immobilized complex.
Similar redox behavior was observed for 1 dissolved in acetonitrile solution; a quasireversible reduction feature was centered at −1.55 V, with the cathodic current peak at −1.59 V and the anodic current peak at −1.51 V. The peak-to-peak separation for the dissolved species was only ~100 mV, smaller than that of the immobilized complex. A square-root dependence of the peak currents on the scan rate confirmed that the redox couple was freely diffusing in solution. The similarity of the peak position and reversibility between the immobilized and dissolved species suggests that the complex retains similar electrochemical properties upon immobilization, as expected for the mild immobilization protocol used here. However, the midpoint potential (E 1/2 ) for immobilized 1 (−1.64 V) was shifted by nearly 100 mV versus 1 measured in solution (−1.55 V). This observed change in reduction potential is consistent with the different chemical environment around 1 upon immobilization on Ketjenblack, in comparison with homogeneous acetonitrile solution.
A stability test of immobilized 1 was carried out by cycling an electrode with 1 120 times from −0.9 V to −1.9 V at 50 mV s −1 (data shown in figure 3 ). The area under the anodic peak was plotted against the total time elapsed (40 s per cycle) to measure the approximate coverage of the metal complex on the surface. The initial coverage was about 9 nanomol cm −2 , similar to those for other pyrene-immobilized complexes. The surface coverage decreased steadily until the 100th scan, at which point there was about 2 nanomol cm −2 ( figure 4 ). This loss corresponds to an 81% loss of electroactive compound 1. Because of the low loading of 1 and the relatively large solution volume (7.5 ml), loss of material from the surface would result in a greatly diminished electrochemical signal.
A separate stability test was conducted by cycling a 1-coupled electrode every 10 min to determine if the complex remains stably immobilized during simple immersion in electrolyte solution (figure 4). Compared to the stability test carried out with extensive excursions to reductive potentials, the observed redox process is lost at a much slower rate. Specifically, after 3 h, only 27% was lost from the surface. This difference suggests that formation of the reduced form of the compound resulted in acceleration of loss of the reversible reduction. XP spectra collected following electrochemical cycling in both cases confirmed that some [Ru] remained on the surface; however, all signals were attenuated.
The cyclic voltammogram of immobilized 2 showed a reduction process peaking at −1.2 V and two distinct anodic processes peaking near −0.9 and −0.5 V on the first cycle (figure 5). On a second cycle of voltammetry, a new cathodic process appeared at −0.8 V; the reductive process remained apparent at −1.2 V, but was diminished upon the second cycle. In the solution-phase electrochemistry of the analogous complex of 2,2′-bipyridyl (4), the more positive reduction process was attributed to the reduction of the acetonitrile adduct and the more negative process to the chloride adduct [23] . Thus, for complex 4 in solution, on the first cycle, reduction of the chloride-bound [Cp*Ir] complex was observed. The reduced complex then loses chloride and forms the acetonitrile complex during the first reductive cycle [24] . For the case of immobilized 2, we postulate that the two observed reduction processes correspond to the acetonitrile-and chloride-bound complexes, as the electrochemical response of complex 2 in solution showed similar redox processes as 4. However, the less negative reduction feature was less pronounced in solution electrochemistry, even on multiple cycling 1 , suggesting that the acetonitrile-adduct formed in solution could diffuse away from the electrode surface. Notably, this interpretation of the electrochemical data suggests that both species are present on the surface, and are in slow ligand exchange at some sites on the carbon electrode. Consistent with our postulated speciation pathway, XP spectra indicated less chloride on electrodes functionalized with 2 following electrochemical studies.
[Cp*Ir] complexes with 2,2′-bipyridyl ligands have previously been suggested as electrocatalysts for reduction of protons or carbon dioxide [15, 23, 25] . Therefore, we were interested in examining our immobilized complex 2 for this reactivity. Addition of trifluoroethanol (TFE) as a weak proton source resulted in only a minor increase in cathodic current beyond −1.5 V; and the response of the reduction processes centered near −0.9 V was virtually unchanged. The slight increase in current likely was due to direct reduction of protons on the electrode surface. Upon addition of CO 2 to the electrochemical cell (1 atm), the cathodic current beyond −1.5 V was enhanced, suggesting a possible catalytic response. However, the pseudocatalytic current was markedly diminished upon a second cycle of voltammetry; and, the second scan did not display the reduction and oxidation waves present under an argon atmosphere, suggesting that a reaction with CO 2 resulted in decomposition or extensive loss of the immobilized complex from the surface. Thus, complex 2 was not stable as an electrocatalyst under our CO 2 reduction conditions, a conclusion in accord with prior literature reports showing a low Faradaic yield of reduction products under related conditions [15] .
Discussion
Noncovalent immobilization has emerged as an attractive route to study the electrochemical and catalytic properties of molecular redox couples and catalysts on carbon electrodes [6, 7, 12] . Its attractiveness is due, in part, to the mild conditions needed to achieve immobilization; simple soaking of a carbon electrode in a dilute solution of the pyrene-appended redox-active compound of interest is sufficient. In our study, this observation was confirmed by successful immobilization of 1 and 2. The analogous compounds that do not bear pyrene groups are not immobilized upon electrode soaking. Moreover, XP spectra confirm the expected oxidation states and elemental ratios on the electrode surface, consistent with the formulated molecular structure.
Satisfactory XP spectra were obtained for electrodes functionalized with compound 1, and the reductive electrochemical response in conventional three-electrode voltammetry was as expected. A single, virtually reversible reduction process centered at −1.64 V versus Fc +/0 is attributable to a primarily ligand-centered reduction of the carboxamide-substituted bipyridyl ligand of 1. As we have found for similar systems, scan rate-dependent data confirmed that the redox couple is not freely diffusing, and is indeed stably attached to the surface on the voltammetry timescale. Similarly, compound 2, which was immobilized successfully, is redox active on the electrode surface. However, the electrochemical response of this compound was more challenging. We suggest that the signals point to the exchange of chloride and acetonitrile in the inner coordination sphere of 2.
By analogy to 3, rapid ligand exchange was not expected to occur upon reduction of immobilized 1. However, the data in figure 4 show that steady loss of redox activity did occur as the electrode was polarized to negative potentials. Approximately 90% of the compound remains on the surface with periodic cycling versus only ~30% with continuous cycling after one hour. From prior work, and studies on unsubstituted pyrene, we conclude that direct reduction of the pyrene moieties does not occur at the potentials we have employed, but rather beyond −2.25 V. However, one factor that may contribute to the observed instability is the low total loading of metal complex in our experiments. For these experiments, the initial amount of electroactive 1 was only about 10 nmol cm −2 . Thus, even in a clean, nitrogen-purged glovebox, a small oxygen impurity (<1 ppm) could contribute to catastrophic decomposition of our surface-attached complex. However, we have not detected any decomposition via XP spectroscopy following extensive redox cycling in our experiments. If the noncovalent interaction(s) between the pyrene groups and the Ketjen black electrode is attenuated at negative voltages, then weakening of the interaction could simply result in loss of material from the surface. Total loss of our redox couples, including both metal and ligand, from the surface is consistent with XP invest igations here and in our prior report [12] . To test this possibility further, we are currently outfitting catalysts with other planar aromatic groups for further studies of the stability of noncovalent immobilization at negative voltages.
Conclusion
We have synthesized and immobilized two pyrene-appended metal complexes on carbon electrodes: a ruthenium tris(bipyridyl) complex (1) and a bipyridyl complex of [Cp*Ir] (2) (Cp* = pentamethylcyclopentadienyl). The results suggest that noncovalent interactions are suitable for obtaining fundamental understanding of immobilized metal complexes and their reductive electrochemical properties. However, the stability of the noncovalent interaction is attenuated by negative electrode polarization; to the best of our knowledge, this effect has not been observed before. In future studies, we will further investigate this phenomenon, as it is relevant to the long-term use of noncovalent interactions in building integrated catalystelectrodes for applications the production of solar fuels.
Experimental section
General 4,4′-Dimethyl-2,2′-bipyridine (GFS Chemicals), pentamethylcyclopentadiene (Sigma-Aldrich), [Ru(bpy) 3 ]Cl 2 (SigmaAldrich), ruthenium chloride hydrate, and iridium chloride hydrate (Pressure Chemical Co.) were used as received. Acetonitrile (J.T. Baker) was dried using a Grubbs-type solvent purification system (Pure Process Technology/Glass Contour). All other solvents were from major suppliers and used as received. Ligand P [12] , Ru(4,4′-dimethyl-2,2′-bipyridine) 2 Cl 2 [26] , [Cp*IrCl 2 ] 2 [27] , and [Cp*Ir(bpy)Cl]Cl [16] were prepared according to literature methods. NMR spectra were recorded at room temperature on 300 or 500 MHz Varian spectro meters and referenced to the residual solvent peak (δ in ppm and J in Hz). Mass spectra were obtained with a PE SCIEX API 365 triple quadrupole spectrometer, and UV-vis spectra were obtained with an Agilent 8453 UV-vis spectrophotometer.
Carbon electrodes were prepared according to our prior report [12] . Briefly, 1 cm 2 blocks of highly-oriented pyrolytic graphite (HOPG) were cleaned by sanding, sonication, and rinsing, and then dried at 70 °C for several hours. A suspension of Ketjen black (40 mg; EC600JD, AkzoNobel) was then prepared with N-methylpyrrolidone, poly(vinylidene fluoride) (10 mg; Sigma-Aldrich), and Triton-X 100 (750 mg). To deposit the carbon black, the clean HOPG surface was first wet with acetonitrile, and then 10 μl per cm 2 of the suspension was added via pipette. The electrode was then allowed to dry in ambient air for 15 min before heating at 70 °C for 4 h.
[Ru(P) (4,4′-dimethyl-2,2′-bipyridine) 2 ]Cl 2 (1) A portion of Ru(4,4′-dimethyl-2,2′-bipyridine) 2 Cl 2 (0.50 g, 1.77 mmol) was dissolved in dimethylformamide (25 ml). To this, P (1.25 g, 1.80 mmol) was added and the solution was refluxed for 24 h under argon. The product was precipitated by addition of diethyl ether (100 ml) and collected by filtration. The solid was then dissolved in hot dichloromethane and the resulting solution filtered to collect the remaining solid. The solid was dissolved in a minimum of methanol, and diethyl ether added until a precipitate began to form. The solution was then cooled in an ice bath; after cooling for one hour, the precipitate was collected by vacuum filtration. This process was repeated twice. The final precipitate was then collected and dried under vacuum (95 mg, 4.4%) before being stored. X-ray photoelectron spectroscopy XP data were collected using a Kratos AXIS Ultra system. The sample chamber was kept at <5 × 10 −9 torr and ejected electrons were collected at an angle of 90° from the surface normal. The excitation source was Mg Kα radiation. Survey scans were performed to identify the elements on the surface of the carbon electrodes, while high resolution spectra were obtained and examined for specific elements. The XPS data were analyzed using the program Computer Aided Surface Analysis for x-ray photoelectron spectroscopy (CasaXPS). All XPS signals reported here are binding energies and are reported in eV. Ordinate axes are plotted as counts-per-second (CPS); these are arbitrary units. Backgrounds were fit with standard Shirley or linear backgrounds, as needed. Element peaks were fit with a standard Gaussian-Lorentzian line shape. The data were best fit with a single contribution in every case, and fits were constrained only based on peak area from theory.
Electrochemistry
Electrochemical measurements were made with a Gamry Reference 600 potentiostat/galvanostat using a standard threeelectrode configuration in a nitrogen-filled glovebox (Vacuum Atmospheres Co.). In all cases, cell resistance compensation was not employed. For all experiments, the supporting electrolyte was 0.1M tetrabutylammonium hexafluorophosphate (Fluka, electrochemical grade). In typical cyclic voltammetry measurements of immobilized complexes, the working electrode consisted of a 1 cm 2 block of HOPG prepared with carbon black on the basal plane as described above. The electrode was secured in a custom-made Teflon cell with an O-ring seal used to define the geometric area of the electrode (0.28 cm 2 ). The counter electrode was a Pt wire, and a silver wire immersed in a solution of 0.1M NBu 4 PF 6 served as a quasi-reference electrode. This quasi-reference was separated from the main working solution by a Vycor frit (Bioanalytical Systems, Inc.). The ferrocenium/ferrocene couple was used as an external reference in all experiments to calibrate potentials. Voltammetry collected for solution-soluble redox couples was obtained at a basal-plane HOPG working electrode electrode (surface area: 0.09 cm 2 ). A Pt wire served as the counter electrode, with a silver wire reference as described above.
